protocol IntroDuctIon
Oligodendrocytes are the glial cells that produce myelin sheaths around nerve fibers in the central nervous system. Most of the oligodendrocytes originate from neuroepithelial cells in the ventral neural tube in a sonic hedgehog (SHH)-dependent way 1, 2 . In the spinal cord, the neural progenitors in the motor neuron progenitor (pMN) domain express OLIG2 and can give rise to either motoneurons or oligodendrocyte precursor cells (OPCs) in a time-dependent manner. During the neurogenic phase, the OLIG2 progenitors co-express neuronogenic transcription factors, such as neurogenin 2 (NGN2) and differentiate to motoneurons 3, 4 . After this time, the OLIG2-expressing progenitors become OPCs by switching off neuronogenic transcription factors and turning on oligodendroglial transcription factors, such as NKX2.2 and SOX10 [5] [6] [7] [8] . These OPCs also express platelet-derived growth factor receptor alpha (PDGFRα) and the membrane proteoglycan NG2 (ref. 9) .
These developmental principles have been reproduced in vitro by differentiating mouse embryonic stem cells (ESCs) or rodent neural stem cells (NSCs) to OPCs [10] [11] [12] [13] . SHH potently induces mouse ESCs to differentiate into OPCs by activating the transcriptional network described above 11, 12 . Other soluble factors such as fibroblast growth factor 2 (FGF2) and PDGF also enhance oligodendrocyte differentiation from rodent neural stem/progenitor cells 10, 14 . However, differentiation of human NSCs to OPCs by many laboratories over the past decade has not been successful [15] [16] [17] . Moreover, differentiation of human ESCs to OPCs is inconsistent 18, 19 . By analyzing the transcriptional networks in response to extracellular signals during human embryonic stem cell (hESC) differentiation to OPCs, we found that human OPC specification relies on the similar SHH-dependent transcriptional network to mouse ESCs 20 . However, we discovered that in the human OPC differentiation process FGF2, a commonly used mitogen for neural progenitors, blocks OPC specification from NSCs by repressing hedgehog signaling 20 . In addition, the human OPC differentiation takes a long time in comparison to experiments with rodent cells, mainly because of the protracted period for the generation of OPCs from OLIG2 progenitors 20 , which nevertheless coincides with the OPC development in vivo. By incorporating these new findings, we have devised a four-part protocol for differentiating OPCs from hESCs.
Overview of the protocol
The protocol comprises the induction of neuroepithelia (or NSCs), patterning of OLIG2 progenitors, differentiation of OLIG2/ NKX2.2-expressing pre-OPCs and generation of OPCs (Fig. 1) . In the first part, hESCs are directed toward the neuroectoderm fate under a chemically defined condition in the absence of growth factors for 2 weeks. Neuroepithelial differentiation can be easily and reliably identified by the characteristic columnar epithelial cells that form neural tube-like rosettes 5 and the expression of neuroectoderm transcription factors, including PAX6 and SOX1 21, 22 . The second part is to pattern the neuroepithelia to ventral spinal progenitors with the caudalizing factor retinoic acid (RA) and the ventralizing morphogen SHH in the following 10 d. The identity of the progenitors is defined by their expression of OLIG2. These OLIG2 cells can then differentiate into spinal motoneurons. To prevent the differentiation to motoneurons and promote the generation of OPCs, we use FGF2 in the third part of the protocol for 10 d. By day 35, the OLIG2 progenitors co-express NKX2.2 and no longer give rise to motoneurons. The co-expression of OLIG2 and NKX2.2 generally indicates the precursor of OPCs in mouse and chick 6, 8, 23, 24 . However, these hESC-derived OLIG2/NKX2.2-expressing cells do not possess morphological, biochemical and functional characteristics of OPCs. We therefore refer to these cells as preOPCs 20 . Finally, the pre-OPCs are cultured in a glia medium containing triiodothyronine (T3), neurotrophin 3 (NT3), PDGF, cAMP, IGF-1 and biotin, which individually or synergistically can promote the survival and proliferation of the hESC derived OPCs, for another 8 weeks to generate OPCs. These OPCs are bipolar or multipolar, express OLIG2, NKX2.2, SOX10 and PDGFRα, become motile, and can further differentiate to mature oliogodendrocytes 20 . protocol consistently yields OPCs of high purity capable of producing myelin sheaths. It is, thus, useful to study the regulation of human oligodendrocyte development. The OPCs possess robust myelinating potential, therefore they are a potential source of cells for future clinical uses. We have also found that OPCs can be differentiated from human induced pluripotent stem cells (B.-Y.H. and S.-C.Z., unpublished observations). Hence, this protocol will allow the generation of OPCs from diseased stem cells for pathological analysis and drug screening.
Applications of the protocol

Limitations of the protocol
The protracted protocol could present technical difficulty to some investigators, particularly because the mitogen FGF2 needs to be avoided during the 8-week transition period from pre-OPCs to OPCs. Hence, the yield of OPCs is relatively low while the purity is high. We attempted to increase the yield of OPCs by using epidermal growth factor (EGF), but this treatment decreased the purity of OPCs. It thus opens possibilities to explore novel ways to shorten the duration of differentiation and increase the yield without losing purity.
Experimental design
Quality of hESCs. The neuroectoderm differentiation (first part) of the protocol critically depends on the quality of hESCs, which in turn relies on the quality of the mouse embryonic fibroblast (MEF) feeder. We recommend that the MEF cells be tested with at least two hESC lines for no less than three passages. The hESCs should exhibit a uniform undifferentiated phenotype (Figs. 2a,b) . Partially differentiated hESCs will decrease the neural differentiation efficiency. This protocol has been reproduced in hESC lines H1, H9 (ref. Induction of neuroepithelia. The first two parts of the protocol are similar to the protocol we described for spinal motoneuron differentiation from hESCs 25 , except we need to briefly disaggregate the cells before treating with FGF2, as the cells grow much faster in mediums containing FGF2. To initiate differentiation, hESCs are separated from the MEF feeder cells to form aggregates in suspension (also known as embryoid bodies). In regular cell culture vessels, the hESC aggregates usually do not attach to the bottom of the flasks/plates, and thus can be grown as spheres in suspension. The contaminating MEFs, however, will attach within 12 h such that the floating spheres can be removed and transferred to a new flask. The differentiation process does not require exogenous growth factors, such as FGFs and Noggin (a BMP inhibitor), as these factors are produced by the differentiating cells themselves 26 . In cases where hESCs are partially differentiated, addition of these factors can help the neural differentiation process.
The neuroepithelial differentiation part of the protocol takes place in adherent colony culture. After 6 d of floating, the hESC aggregates adhere to the laminin-coated surface to form individual flattened colonies. Such a design has two purposes, one is to allow continuous observation of morphological changes and the other is to allow the enrichment of neuroepithelial colonies by manually scraping off the non-neural colonies. The columnar epithelial cells line up radially like rosettes on day 10, which further form neural tube-like structures by days 14-17. These neural epithelial cells initially express PAX6 and then PAX6 and SOX1 (Figs. 2c-f) . Thus, it takes about 2 weeks for hESCs to differentiate into neural epithelial cells.
Patterning of OLIG2 progenitors. The hESC-derived neural epithelial cells carry a dorsal anterior identity and express PAX6, OTX2 and BF1 21, 22 . For differentiation to OPCs, which originate from the ventral neural tube, it is necessary to pattern the neuroepithelia to ventral progenitors that express OLIG2. RA (100 nM), a caudalizing factor and SHH (100 ng ml − 1 ), a ventralizing morphogen, are used to pattern the cells to the ventral spinal progenitor fate from day 10 to day 21. Figure 1 | Flowchart of the four-part oligodendrocyte progenitor cell (OPC) differentiation from human embryonic stem cells (hESCs). Part one differentiates the hESCs to PAX6 + neuroepithelial cells in the serum free medium without morphogens for 2 weeks. Part two patterns the neureopithelia to OLIG2 + ventral progenitors by retinoic acid (RA) and sonic hedgehog (SHH) (or purmorphamine). In part three, the neurogenic potential of the OLIG2 progenitors is repressed by removal of RA and addition of fibroblast growth factor 2 (FGF2) for 10 d. The OLIG2 progenitors now co-express NKX2.2 and become gliogenic, which we refer to as pre-OPCs. Finally, the pre-OPCs are differentiated to OPCs in the glia differentiation medium, which lacks FGF2, and contains platelet-derived growth factor (PDGF), insulin like growth factor (IGF) and neurotrophin 3 (NT3). This fourth part takes 8-9 weeks. The OPCs express SOX10, platelet-derived growth factor receptor alpha (PDGFRα), NG2 in addition to OLIG2 and NKX2.2. This chart is modified from Figure 1 of our motoneuron differentiation protocol 25 . hESCM, human embryonic stem cell medium; IGF, insulin like growth factor; NE, neuroepithelial cells; PDGF, platelet derived growth factor; NT3, neurotrophin 3. Percentage denotes the promotion of positive cells among total progenies from the starting hESCs. Differentiation of pre-OPCs. OLIG2-expressing progenitors appear in culture at the beginning of the fourth week of culture, and most of these cells become motorneurons within the next 10 d (day 25 through 35) following our protocol for motoneuron differentiation 25 . We discovered that during this period, removal of RA and addition of FGF2 (10 ng ml − 1 ) almost completely blocks the OLIG2-expressing cells from differentiating into motoneurons 20 . We dissociate the cell aggregates at day 23 so that on day 24 individual cells re-aggregate into clusters, at which size FGF2 can easily diffuse through. FGF2 promotes proliferation of the neural progenitors so that there is no obvious change in cell morphology during this period. We normally change 1/3 to 1/2 of the culture medium, so that the culture environment is not drastically altered during each feeding. When culture condition changes from the previous steps (e.g., factors are removed from or added to the culture medium), we usually pellet the cells by a brief centrifugation step, followed by replacing the old medium with the same amount of fresh medium but with a new recipe. In the steps following FGF2 removal, cAMP, PDGF-AA, IGF and NT3 are supplemented in the culture to allow for better survival of the pre-OPCs or OPCs. In addition, biotin in the medium can fulfill the increasing demands of the oligodendrocyte lineage for synthesizing lipids.
Consequently, the populations of OLIG2-expressing cells, which now also express NKX2.2, increase significantly by day 35. It should be noted that only the OLIG2 and NKX2.2 double positive cells can give rise to OPCs. Hence, cells that co-express OLIG2 and NKX2.2 should be quantified by either counting or FACS analysis 20 . Different from those in rodents and birds, the hESC derived OLIG2 NKX2.2-expressing cells do not express other markers of OPCs. Thus, we refer to these cells as pre-OPCs (Figs. 3a,b) .
Generation of OPCs.
Transition from pre-OPCs to OPCs is a protracted step, taking about 8-9 weeks. This process is still SHH-dependent, as inhibition of hedgehog signaling blocks OPC differentiation. Nevertheless, addition of exogenous SHH does not significantly increase the yield of OPCs. Thus, we do not continue using SHH or purmorphamine after day 50 of differentiation. We attempted to speed up the process by adding growth factors known to enhance oligodendrogliogenesis in other vertebrates (e.g., SHH, neuregulin, for proliferation or PDGF-AA, NT3 and IGF for survival), or by removing differentiation factors such as T3 or blocking FGF signaling. However, none of these treatments altered the timing of the differentiation process. Another unique aspect of this part of the protocol is that the expansion of progenitors with media containing FGF2 will block OPC generation. Hence, we culture the pre-OPCs in suspension for the next several weeks without mitogens. The suspension culture helps in preventing the progenitors from differentiating into neurons or astrocytes before they are specified to OPCs. During this process, the progenitors do not proliferate substantially. However, over the long period of culture, the large clusters need to be regularly disaggregated to smaller ones, so that the cells inside the clusters can be better nourished. Another mitogen, EGF (10 ng ml − 1 ) can promote the proliferation of the pre-OPCs. However, the proportion of OPCs decreases after expansion of pre-OPCs in the presence of EGF, thus we exclude it.
Oligodendrocyte progenitor cells can be identified by their characteristic bipolar morphology on laminin or ornithine substrates (Fig. 3c) . These substrates are ideal for motile OPCs to migrate and extend processes. The OPC clusters may be dissociated into individual cells or plated as clusters; the latter is technically easier and allows measurement of the distance the cells have migrated.
To confirm the identity of OPCs, we stain them for the transcription factor SOX10 in addition to OLIG2 and NKX2.2, and the cell surface markers PDGFRα and NG2 (Fig. 3d) . The co-expression of OLIG2 and NKX2.2, which is used to define OPCs in other vertebrates, is not sufficient for marking OPCs, as described above. 
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A bona fide human OPC should express all of these markers simultaneously. The OPCs begin to appear during the tenth week of differentiation, but in a small number ( < 3%). The population increases gradually in the next 3 weeks, but bursts in the fourteenth week, reaching 80% in the total population. This time course is likely related to the intrinsic program of human oligodendrocyte development although the exact mechanism is unknown.
Further differentiation of OPCs results in branching of the process, exhibiting extensively ramified processes like a spider web (Fig. 3e) . The oligodendrocyte identity can be marked by a surface antibody called O4, which specifically labels maturing oligodendrocytes 28 ( Fig. 3f) . For some membrane proteins, such as O4, NG2 and PDGFRα, we usually incubate live cells with antibodies against these proteins before the cells are fixed 20 . Staining after regular fixation, which permeabilizes the cells, will give non-continuous membrane staining. Under the serum-free culture condition and in the absence of neurons (neurites), the majority of O4 + immature oligodendrocytes fail to mature and produce myelin sheathes around nerve fibers, and hence usually do not survive for a long period. Consequently, the O4 + proportion is usually around 40% of the total population. As PDGF, IGF and NT3 (10 ng ml − 1 ) do not promote the O4 + oligodendrocytes to proliferate at this stage, only moderate amounts (5 ng ml − 1 ) of these components are supplemented for a better survival of the cells. A small number of oligodendrocytes, which do survive under such a condition, will mature and express myelin basic protein (MBP), which is required for producing compact myelin sheath. The functional identity of the hESC-derived OPCs can be best confirmed by their ability to migrate, mature and produce myelin sheaths around axons after transplantation into the brain of the dysmyelinating shiverer mice 20 . REAGENT SETUP Human ESC growth medium (500 ml) Under sterile conditions combine 392.5 ml of DMEM:F-12, 100 ml of Knockout serum replacer, 5 ml of MEM non-essential amino acids solution, 2.5 ml of 200 mM L-glutamine solution (final concentration of 1 mM) and 3.5 µl of 14.3 M β-mercaptoethanol (final concentration of 0.1 mM). The medium can be stored at 4 °C for up to 7-10 d. ! cautIon β-Mercaptoethanol is combustible, corrosive and toxic if ingested and absorbed through the skin. Avoid ingestion, direct contact or direct exposure to ignition. Neural differentiation medium (DMEM:F-12/N2, 500 ml) Under sterile conditions combine 489 ml of DMEM:F-12, 5 ml of N2 supplement, 5 ml of MEM non-essential amino acids solution and 1 ml of 1 mg ml − 1 heparin. The medium can be stored at 4 °C for up to 2 weeks. Glia differentiation medium Under sterile conditions combine 479 ml of DMEM:F-12, 5 ml of N1 supplement, 10 ml of B27 supplement, 5 ml of MEM non-essential amino acids solution, 0.3 ml of 100 mg ml − 1 T3, 0.5 ml of 1 mM cAMP and 50 µl of 1 mg ml − 1 biotin. The medium can be stored at 4 °C for up to 2 weeks. . Add 300 µl of laminin solution into each well of a 6-well plate. Let the medium hold as a big drop and spread within the central area of the well. Do not let the medium drain to the edge. Incubate the plate at 37 °C for 1 h. Prepare the plates for prompt use only.  crItIcal Laminin is very easily absorbed by plastic and tends to form aggregates at room temperature. Store laminin at − 80 °C and thaw at 4 °C before using. Do not aliquot laminin to plastic tubes from the original glass vial. . Cells from 1 to 2 6-well plates should be cultured in one T-75 flask in 35 ml of neural differentiation medium containing B27, 0.1 µM of RA and 100 ng ml − 1 SHH (or purmorphamine at 1 µM).
3|
On day 21 feed the cells one more time as described in Step 39 of our previous protocol 25 . On day 23, stand the flask for 3 min so that clusters larger than 200 µm will settle down to the bottom and the small clusters remain in suspension. Disaggregate the larger clusters using ACCUTASE or a glass pipette as described in Step 40 of our protocol of motoneuron differentiation from hESC 25 . Transfer the smaller clusters that remained in suspension into a 50 ml conical tube. Centrifuge the tube at 80g for 2 min, room temperature. Remove the old medium and re-suspend the pellet with 5 ml of the neural differentiation medium described in Step 2.
4|
Collect all the cells and transfer into a T-75 flask and incubate at 37 °C, 5% CO 2 in a total of 35 ml of the fresh neural differentiation medium described in Step 2.
5|
On day 24, follow the procedures described in box 1 of our motoneuron differentiation protocol 25 to plate 4-5 clusters of cells (about 100 µm in diameter measured with an objective ruler on the microscope) onto poly-L-ornithine and laminin coated coverslips in 50 µl of neural differentiation medium described in Step 2. Immunostain the attached clusters for OLIG2 20 .
Generation of pre-opcs • tIMInG 10 d (days 25-35) 6|
On day 25, collect the cells from Step 4 into a 50 ml conical tube and let the cells settle down for 5 min. Remove most of the old medium but leave 2-3 ml in the tube so that the cell clusters will not be accidentally sucked out. Resuspend the cell clusters with 35 ml of the neural differentiation medium described in Step 2, except replacing RA with FGF2 at a final concentration of 10 ng ml − 1 . Culture the cells in an incubator at 37 °C, 5% CO 2 .  crItIcal step Remember to replace RA with FGF2 from this step onwards.
7| On days 27, 29, 31 and 33, stand the flask at a angle of 45 degree to collect the cells to one corner, remove half (about 20 ml) of the medium and replenish with the neural differentiation medium described in Step 6. Culture the cells in an incubator at 37 °C, 5% CO 2 . ). Culture the cells in an incubator at 37 °C, 5% CO 2 . Culture the cells for 2 weeks.  crItIcal step FGF2 is removed from the medium at this step.
8|
10|
On days 38, 41, 44 and 47, settle down the clusters using the procedure described in Step 7. Change half of the medium and replenish with the medium described in Step 9.
11| On day 49 (seventh week), disaggregate the big progenitor spheres into smaller cell clusters using the same procedures described in Step 40 of our previous protocol 25 . Transfer the disaggregated cells into a T-75 flask in 35 ml of the glia differentiation medium described in Step 9 , except that purmorphamine is no longer needed from this step on.  crItIcal step Purmorphamine is not needed from this step on. Continue feeding the cells as described in Step 10 but ensure that purmorphamine is removed from the medium.
13|
On day 70 (tenth week), disaggregate the big clusters one more time using the procedures described in Step 40 of our previous protocol 25 .  crItIcal step Briefly disaggregate the cells to loosen clusters, but do not let the cells dissociate to single cells.
14|
Culture the cells in a T-75 flask and in 35 ml of the glia differentiation medium described in Step 11, let the cells aggregate for 3 d.
15|
On day 73, stand the flask and let the cell clusters sink down to the bottom as described in Step 7. Remove most of the medium containing dead cells and debris leaving the last 2-3 ml behind. Feed the cell clusters with 35 ml of the glia differentiation medium described in Step 11.
16|
On days 77 and 82, feed the floating cell clusters using the same procedures as described in Step 7, but with the glia differentiation medium described in Step 11. The four-part OPC differentiation from hESCs mirrors in vivo development of the neural plate/tube (induction of neuroepithelia), patterning of the pMN domain in the ventral neural tube (specification of OLIG2 progenitors), differentiation of pre-OPCs (differentiation of OLIG2/NKX2.2-expressing progenitors), and generation of OPCs (Fig. 1) . In the first part, which takes 10-14 d (Steps 1-26 (ref. 25) ), we expect that at least 90-95% of the differentiated progenies will be PAX6 positive neuroepithelial cells (Fig. 2 ) 21, 22 . In the second part, the combination of RA and SHH will induce about 60% of the progenitors to be OLIG2 positive ventral progenitors. When SHH is replaced with purmorphamine, we expect a higher proportion of OLIG2 progenitors, up to 80%. By using FGF2 and SHH on the floating cell spheres in the third part, we predict that ~40% of the OLIG2 cells also express NKX2.2, indicative of pre-OPCs (Figs. 3a,b) . The last part of the protocol is very long and requires the avoidance of FGF2. Hence, there is limited cell expansion even though the cells continue to divide. By the end of the fourteenth week, the PDGFRα + cells will account for ~80% of the total population and most cells co-express OLIG2, NKX2.2, SOX10 or NG2 (Figs. 3c,d) . Further differentiation of the OPCs will result in maturation of the progenitors, as indicated by O4 in immature oligodendrocytes (Figs. 3e,f) and MBP in mature oligodendrocytes 20 . After transplantation into the brain of shiverer mice, the hESC derived OPCs usually migrate in the corpus callosum. These cells express MBP and form myelin sheaths around nerve fibers 20 . 
